Bio-inspired flapping wings with a wrinkled wing membrane were designed and fabricated. The wings consist of carbon fibre-reinforced plastic frames and a polymer film with microscale wrinkles inspired by bird feathers and the corrugations of insect wings. The flexural and tensile stiffness of the wrinkled film can be controlled by modifying the orientations and waveforms of the wrinkles, thereby expanding the design space of flexible wings for micro flapping-wing aerial robots. A self-organization phenomenon was exploited in the fabrication of the microwrinkles such that microscale wrinkles spanning a broad wing area were spontaneously created. The wavy shape of these self-organized wrinkles was used as a mould, and a Parylene film was deposited onto the mould to form a wrinkled wing film. The effect of the waveforms of the wrinkles on the film stiffness was investigated theoretically, computationally and experimentally. Compared with a flat film, the flexural stiffness was increased by two orders of magnitude, and the tensile stiffness was reduced by two orders of magnitude. To demonstrate the effect of the wrinkles on the actual deformation of the flapping wings and the resulting aerodynamic forces, the fabricated wrinkled wings were tested using a tethered electric flapping mechanism. Chordwise unidirectional wrinkles were found to prevent fluttering near the trailing edge and to produce a greater aerodynamic lift compared with a flat wing or a wing with spanwise wrinkles. Our results suggest that the fine stiffness control of the wing film that can be achieved by tuning the microwrinkles can improve the aerodynamic performance of future flappingwing aerial robots.
Introduction
Biologically inspired flapping-wing aerial robots have been widely studied because of their potential for high efficiency, agility, and robustness in unsteady and complex flight environments [1] [2] [3] [4] [5] [6] [7] [8] . The biological wings of vertebrates and insects are flexible, which allows the wings to deform during flapping as a result of aerodynamic forces and the inertia of the wing mass [9] [10] [11] [12] [13] [14] . Several previous studies have suggested that wing flexibility improves the generation of aerodynamic forces or the efficiency in flapping flight; such results have been demonstrated both experimentally [15] [16] [17] [18] and numerically [19] [20] [21] . Natural wing structures possess complex, multi-scale morphologies that can yield anisotropic flexural stiffness and tensile elasticity. For example, the feathers of birds consist of keratin rods of different thicknesses, known as rachis, barbs and barbules [22, 23] . The local bending of each rod leads to macroscale three-dimensional deformations of the wing. Insect wings are composed of thin chitin membranes supported by multiple hollow chitin veins. Furthermore, these membranes exhibit three-dimensional corrugations and wrinkles. The combination of the venation pattern and the corrugated profile determines the local flexural deformation, which results in three-dimensional morphing of the wing [24] [25] [26] [27] [28] . The wings of bats are different from those of birds and insects: the wing membrane consists of stretchy, rubber-like skin, which is supported by bones, thereby allowing for the three-dimensional expansion of the wing membrane [29] . A recent study has reported that elastin fibres are distributed throughout the wing membranes of bats, thus forming distinctive wrinkles [30] .
In contrast to these diverse and complex structures of natural wings, the existing artificial flapping wings are quite simple. Most artificial wings consist of a flat polymer film supported by a relatively stiff frame, consisting of materials such as carbon fibre-reinforced plastic (CFRP) [1] [2] [3] [4] [5] , balsa wood [6] or thin metal [7] . Although the stiffness distribution can be modified by altering the thickness and planar pattern of the frame, the design space for these frames is strongly limited by the available materials and allowable weight. Several studies have proposed an all-polymer wing composed of a polymer frame and thin film to provide more flexibility than the wings with a CFRP frame [8, [31] [32] [33] . The main leading edge of the frame, however, must be thickened to ensure spanwise stiffness, leading to an increase in the wing weight. The elements of such a frame that span the inner wing area could also be a source of weight gain. In addition, the possible stiffness distribution modes could be somewhat limited by the available materials and the geometry of the frame. Thus, fine control of the passive wing deformation behaviour remains difficult. Nevertheless, the active wing motion of existing flapping-wing aerial robots is typically 1-degree-of-freedom (DoF) flapping, which means that the wing must passively deform to produce an appropriate angle of attack. Hence, a new method that enables the fine control of wing stiffness and flexibility is desirable to improve the aerodynamic performance of flapping-wing robots.
Here, we propose a 'wrinkled wing', in which the wing film exhibits anisotropically aligned microwrinkles (figure 1). Similar to the corrugations of metal roofing, the aligned wrinkles enhance the flexural stiffness of the film. Conversely, the tensile flexibility is expected to be enhanced by the wrinkles, as in a coiled spring. By modifying the orientation, wavelength and wave amplitude of the wrinkles, the flexibility of the wing film can be controlled in a finer manner than can be achieved using thicker and stiffer conventional frames. This concept of 'controlling the macroscale wing flexibility by means of microstructures' is inspired by the multi-scale microstructures of bird feathers and insect wings.
The primary challenge in the fabrication of such a 'wrinkled wing' is the realization of the microwrinkled shape covering the macroscale wing area. Photolithography and etching processes using MEMS (microelectromechanical systems) fabrication can produce precise micropatterns similar to that of an electric circuit; however, such a pattern is flat, and the production of a three-dimensional curved profile is more difficult. Conventional milling also has limitations with respect to the tool diameter, which must be 10 μm or greater. Even for the finest feasible tool, milling a broad area using such a small tool would consume a significant amount of time because the milling process is a point fabrication technique. Recently, the rise of commercially available 3D printers has enabled the rapid production of three-dimensional objects. However, the typical height resolution of such printers ranges in order from 10 2 to 10 1 μm, and step-like profiles remain on the final printed objects. Although a feature voxel size of less than 1 μm can be achieved in 3D printing by using two-photon or multiphoton lithography [34] , two-photon and multiphoton lithography are also point fabrication techniques and are not applicable to wings on the 10 2 mm scale. The use of a laser scanning ablation method to create a 3D metal mould has been reported [35] , but once again, this method is a point fabrication technique, and the final ablated surface is not smooth. Moreover, a problem that is common to all previous fabrication methods discussed above is that a 3D CAD model of the target object must be created, and such a model for an object with numerous microwrinkles would be extremely difficult and time-consuming to design.
To overcome this difficulty of fabrication, we exploit the self-organization phenomenon of microwrinkles [36] . In this phenomenon, a periodic wave spontaneously appears on a thin skin-like layer that is attached to a soft foundation when the skin and foundation are simultaneously compressed, similar to the formation of wrinkles on pinched human skin. The orientation of the wrinkles can be controlled by modifying the direction of compression. The wavelength can also be controlled by tuning the ratio between the Young's modulus of the skin and that of the foundation, which ranges from the micrometre to the millimetre scale [37, 38] . The advantages of this method are that it allows microscale wrinkles to be rapidly formed over a macroscale area and that no 3D CAD model of the target object is required, unlike the conventional methods described above. Previously, self-organized wrinkles have been applied to thin, stretchable electrodes [39, 40] . In this paper, we report the development of a new method of transferring such a wrinkled shape to a free-standing thin film.
In the following sections, the effect of the wrinkled profile on the stiffness of the wing film is evaluated theoretically and computationally. Then, the actual fabrication of such a wing is demonstrated, and an experimental investigation of its tensile stiffness is presented. Finally, the wing deformation and aerodynamic lift observed in a tethered flapping mechanism with different wrinkled wings are demonstrated.
Effect of microwrinkles on film stiffness
In this section, the effect of microwrinkles on the tensile and flexural stiffness of thin films is evaluated analytically and numerically. For ease of analysis, we assume unidirectional sinusoidal wrinkles.
Enhancement of flexural stiffness
If the film is assumed to be a cantilever, the flexural stiffness of the film can be expressed as EI, where E is the modulus of tensile elasticity of the material and I is the second moment of the cross-sectional area. For a flat film, the second moment of the area around the xaxis can be expressed as follows: where h is the thickness of the film, L is the length of the film, and dB is the differential area ( figure 2(a) ). For a wrinkled film, we assume a sinusoidal crosssection, the centreline of which can be expressed as follows:
where a is the amplitude of the sinusoidal wave and λ is the wavelength. The thickness in the y direction is set to a constant value h. h is different from the actual film thickness t ( figure 2(b) ). If the differential area dS is assumed to be a rectangle of width dx and height h, then the differential of I can be expressed as follows using the parallel axis theorem:
Hence, the second moment of the cross-sectional area for a single wavelength can be expressed as follows:
When the film length L is expressed as L = Nλ, where N is the number of waves contained within the length of the film, then the second moment of the cross-sectional area I wrinkle can be expressed as follows: 
Therefore, the flexural stiffness of a wrinkled film increases exponentially with an increasing amplitudeto-thickness ratio. Figure 3 presents the curve of the second moment of the cross-sectional area versus the amplitude-to-thickness ratio for a film with a sinusoidal cross-section calculated using equation (2) . For this calculation, the wavelength, total length and y thickness were set to 100, 100 and 5 μm, respectively. For example, the value of I wrinkle for an amplitude of 10 μm is 2.60 × 10 −20 m 4 , which is 25 times greater than the value of I flat , corresponding to a film without wrinkles (1.04 × 10 −21 m 4 ). Thus, to achieve the same I as that of the wrinkled film using a flat film, the flat film must be 2.9 (the cube root of 25) times thicker than the wrinkled film, which would result in an unnecessary increase in weight.
Additionally, we calculated the evolution of I wrinkle with the amplitude-to-thickness ratio for a constant film thickness t instead of a constant h using CAD software (Rhinoceros, Robert McNeel & Associates, USA); the results are represented by circle markers in figure 3 . The constant-t condition is more realistic for a deposited Parylene layer (as explained in section 3) and for premade films. As shown in figure 3 , the constant-t condition resulted in larger I values than did the constant-h condition. However, the difference can be neglected when the amplitude-to-thickness ratio is less than 4.
The flexural stiffnesses of the flat and wrinkled films about the z-axis are expected to be identical because both films have the same rectangular crosssection on the y-z plane. Hence, the presence of wrinkles produces a remarkable anisotropy in the flexural stiffness of the films.
Reduction of tensile elastic modulus
The effect of the wrinkles on the static tensile elasticity was evaluated via a 2D finite element method (FEM) analysis of tensile tests that was performed using commercial software (ANSYS 15.0, ANSYS Inc., USA). We created two-dimensional flat and sinusoidal models with a thickness t and a length L of 5 and 500 μm, respectively. For the sinusoidal models, the wavelength was set to 100 μm and the amplitudes were 1, 5, 10, 25 and 50 μm. Assuming the film material to be Parylene C, the Young's modulus and Poisson's ratio of the material were set to 2758 MPa and 0.4, respectively. A structured hexahedral mesh was used for the FEM simulation: the number of cells was 20 in the thickness direction and 1000 in the longitudinal direction. Vertical compression due to the Poisson effect was allowed at each end face.
We applied a 3% tensile strain, and the tensile elastic modulus was calculated based on the resultant tensile force and the area of the end faces. An example of the visualization of the results is provided in figures 4(a) and (b). In contrast to the uniform flat model, a tensile stress concentration was observed around the location of the smallest inner radius at each peak of the waveform in the sinusoidal model. The calculated tensile modulus of the flat model was 2654 MPa, slightly smaller than the Young's modulus of the material (2758 MPa). This result was obtained because the area of the end faces decreased as a result of the Poisson effect. Figure 4 (c) illustrates the relationship between the amplitude-to-wavelength ratio and the rate of decrease in the calculated tensile elastic modulus. The tensile elastic modulus decreased drastically with increasing amplitude; for example, the modulus was reduced to 5.5% of that of the flat model when the amplitude was 10 μm (a/λ = 0.1). The rate of decrease in the tensile modulus, E wrinkle /E flat , can be fitted to an exponential function by least-square:
The equation (3) well matches the simulated values when the amplitude is 25 μm (a/λ = 0.25) or less. This reduction in the macroscale elastic tensile modulus was attributed to the local bending deformation at each peak of the waveform, which produced a longitudinal displacement similar to that of a coiled spring.
These analytical and numerical investigations demonstrate that microwrinkles can anisotropically enhance the flexural stiffness and tensile flexibility of a thin film.
Fabrication
In this section, the fabrication process for a wing consisting of a CFRP frame and a Parylene C film with self-organized microwrinkles is explained. Parylene C is the trade name of a poly-para-xylene polymer, which can form a uniform film on the uneven surface of a substrate through a chemical vapour deposition (CVD) process. Parylene C films have been used as the membranes of flapping wings in several previous studies because of their mechanical and chemical strength [7, 8, 41] . In our case, the wing length was 60 mm, which is comparable to the wing sizes of existing flapping-wing ornithopters [2] [3] [4] [5] [6] [7] [8] and of natural flyers such as hummingbirds [9, 42] and butterflies [8, 43] . Figure 5 illustrates the process flow. The general concept is that self-organized wrinkles are first generated using an elastomer foundation coated with a hard polymer skin, and the wrinkled surface thus produced is then used as a mould for the wing film. By applying the CVD process to form the wing film, the wavy profile of the mould can be precisely transferred to the wing film. Although such an elastomeric mould is not as durable as a rigid mould, it is possible to replicate the elastomeric mould as a rigid mould by casting a thermosetting resin.
The wavelength of the self-organized wrinkles can be controlled by tuning the Young's moduli and Poisson's ratios of the foundation and skin, as indicated by the following expression for the wavelength:
where E represents the Young's modulus of a material; ν represents the Poisson's ratio; h is the thickness of the skin; and the suffixes 's' and 'f' indicate the 'skin' and 'foundation', respectively [36] . The wave amplitude can be approximated using the following equation:
λ π δ = where δ is the compressive strain applied to the foundation and skin to generate the wrinkles [37] . In our fabrication process, a silicon elastomer (SH-9555, Dow Corning Toray Co. Ltd, Japan) with a Young's modulus of 6 MPa [44] and a 4.8 μm thick Parylene C layer with a Young's modulus of 2.8 GPa (according to the data sheet for Parylene C) were used as the foundation and skin, respectively. Under the assumption that the Poisson's ratios of the foundation and skin are 0.5 and 0.4, respectively, which are typical values for an elastomer and a hard plastic, the wavelength calculated using equation (4) is 156 μm. The applied compressive strain was 0.24, which would result in a 24 μm wave amplitude according to equation (5) . Considering the wing size used in this study (a 60 mm wing length), we assumed that these wrinkle dimensions should be sufficiently small that the air flow near the wing surface would not be disturbed. Previous studies have reported that large corrugations such as those of a dragonfly wing can improve the lift-to-drag ratio for low Reynolds numbers ranging from 10 3 to 10 4 [45, 46] . Another study has reported that periodic corrugations on a wing surface decrease the lift-to-drag ratio for high Reynolds numbers on the order of 10 5 [47] . Nevertheless, the aerodynamic effect of a wrinkled surface profile on flapping wings remains an interesting issue to be investigated in future research.
The details of the process flow are as follows. The process begins with the stretching of an elastomer foundation ( figure 5 (1) ). In this study, a unidirectional strain (24%) was applied to create parallel wrinkles while using a support jig to prevent lateral compression (figure 6). The initial width and length were 54 and 70 mm, respectively. Then, Parylene C was deposited onto the stretched foundation using a commercial deposition system (PDS 2010, Specialty Coating Systems Inc., USA) to form a 4.8 μm thick skin layer ( figure 5 (2) ). The thickness of the Parylene C layer on the foundation was estimated by measuring the thickness of a Parylene C layer deposited on a flat metal piece that was coated simultaneously with the foundation using the thickness measurement function of an industrial laser confocal microscope (LEXT OLS4000, Olympus Corp., Japan). The value of the reflective index of Parylene C that was used for the thickness measurement was chosen to be 1.639 based on the specification sheet for Parylene C. The support jig was then released to allow for the formation of selforganized microwrinkles ( figure 5 (3) ).
A water-soluble sacrificial layer was formed as a mould release for the wing film ( figure 5 (4) ). Then, a 20% w/v dextran water solution was spin coated onto the mould at 2000 rpm for 15 s (MS-A150, Mikasa Co. Ltd, Japan) and then baked at 95°C. The layer thickness was expected to be approximately 1 μm [48] . Before the sacrificial layer was spin-coated, the mould surface was treated with oxygen plasma (SEDE-GE, Meiwafosis Co. Ltd, Japan) for 120 s to create a hydrophilic surface.
A second Parylene C layer was deposited onto the coated mould to form the wing film ( figure 5  (5) ). The thickness of this layer was 4.8 μm for the flapping experiments and 4.1 μm for the tensile tests. These tests are described in section 4. CFRP rods with a diameter of 1.25 mm were manually glued onto the Parylene C layer to serve as the wing frame. The wing outline was then manually cut using a scalpel, and the wing was released by dipping the mould into water to dissolve the sacrificial layer ( figure 5 (6) ).
The three-dimensional shape of the fabricated wrinkled mould was measured using the industrial laser confocal microscope. Periodic unidirectional wrinkles were created, as illustrated in figure 7 . The measured wavelength λ and amplitude a were 117 and 22 μm, respectively, which were consistent with the expected values of 156 and 24 μm, respectively, that were calculated using equations (4) and (5). 
Experiments and results

Tensile tests of the wrinkled films
To quantify the effect of the microwrinkles on the tensile elasticity, tensile tests were performed on the Parylene C films with and without unidirectional wrinkles. The compressive strain that was applied when generating the wrinkles was 0.24, which resulted in a 117 μm wavelength λ and a 22 μm wave amplitude a, as explained in section 3. The thickness of the sample films was 4.1 μm. The width and length of each test piece were 8 and 30 mm, respectively. Because the gripped length was 10 mm at each end, the actual length of the test section was 10 mm.
We compared three different samples: a flat Parylene C film, a Parylene C film with microwrinkles oriented perpendicular to the strain, and a Parylene C film with microwrinkles oriented parallel to the strain. The strain and tensile force were measured using a tensile testing machine (Tensilon RTC-1150A, A&D Company Ltd, Japan). The head speed of the tensile testing machine was set to 1 mm min −1 . The tensile elastic modulus E can be expressed as follows:
where σ is the tensile stress, F is the measured tensile force, S is the initial cross-sectional area calculated from the width and thickness of the film, and ε is the measured strain.
The obtained strain-stress curves are presented in figure 8 , in which the tensile elastic modulus E was calculated as the slope of a linear regression line. The tensile elastic modulus of the flat film, E flat , was found to be 2.3 GPa, similar to that specified for Parylene C (2.8 GPa). The tensile elastic modulus of the film with parallel wrinkles, E parallel , (2.9 GPa) was greater than E flat . This is assumed to be attributable to the increase in the actual cross-sectional area due to the wavy profile. Conversely, the tensile elastic modulus of the film with perpendicular wrinkles, E perpendicular , was significantly smaller than those of the flat film and the film with parallel wrinkles: when the strain was less than 0.1, E perpendicular was 0.05 GPa, or 1.8% of E parallel . The measured ratio of E perpendicular to E flat was 0.023, which was consistent with the expected value of 0.010 that were calculated using equation (3) . This result confirmed that the replication of a wavy cross-sectional shape from self-organized wrinkles reduces the tensile elastic modulus of a film by two orders of magnitude, as simulated in section 2.
Set-up for tethered flapping experiments
To observe the effect of the anisotropic stiffness caused by the presence of microwrinkles in the wing film on wing deformation and aerodynamic forces during flapping flight, we measured the wing deformation of and vertical force generated by a flapping wrinkled wing using a tethered flapping mechanism equipped with a single-axis load cell to simulate hovering flight. The fabricated wings used in the flapping experiments are depicted in figure 9 . We compared three different films: a flat film, a film with unidirectional wrinkles in the spanwise direction and a film with unidirectional wrinkles in the chordwise direction.
The wing film thickness was 5.1 μm. The compressive strain applied when generating the self-organized wrinkles was 0.23 in the spanwise case and 0.24 in the chordwise case. The measured wavelength λ and amplitude a were respectively 134 and 24 μm for the spanwise case and 117 and 22 μm for the chordwise case. By substituting the measured thicknesses and wave amplitudes of the chordwise-wrinkled wing into equation (2) , the chordwise flexural stiffness was calculated to be 113 times larger than that of the flat wing.
Each wing film was supported by stiff CFRP rods of 1.25 mm in diameter such that the bending deformation of the wing frame was minimized. The planar shape of each wing was a quarter ellipses. The wing length and maximum chord length were 60 and 30 mm, respectively. The masses of the wings, including the wing films, CFRP rods and glue, were 0.215 g for the flat wing, 0.210 g for the spanwisewrinkled wing and 0.209 g for the chordwise-wrinkled wing.
The wings were attached to a single-wing flapping mechanism driven by a dc electric motor (Portescap 22V28, Danaher Corp., USA) (figure 10). A constant bias of 10 V was applied to the motor using a constant dc power supply (U8002A, Agilent Technologies Inc., USA) with the intent of achieving a 25-30 Hz flapping frequency. The flapping amplitude was 135°. These kinematic parameters are similar to those of a hovering hummingbird (species: Amazilia amazilia; wing length: 70 mm; overall mass: 5.4 g; flapping frequency: 29 Hz; flapping amplitude: 110°) [9] . The main frame of the mechanism was supported by a rotational pivot and a single-axis load cell (LMA-A-5N, Kyowa Electronics Instruments Co. Ltd, Japan; natural frequency: 15.3 kHz). To prevent vibrations of the main frame caused by the motor and transmission, the power unit, including the motor and rotational gears, was fixed to the ground and loosely coupled to the main frame via a connecting slider bar (figures 10 (b) and (c) ). The output from the load cell was recorded via a 12 bit AD interface (PCD-300A, Kyowa Electronics Instruments Co. Ltd, Japan) with a 2000 Hz sampling rate. The measured data were digitally smoothed using a lowpass filter with a 200 Hz cut-off frequency using the FFT and inverse FFT functions in MATLAB (MathWorks, USA). The duration of each recording was 1 s, and the number of measurements for each wing was 10.
As illustrated in figure 10(b) , the vertical force generated by the wing, F 2 (hereafter called 'lift'), was measured using a balance mechanism, in which the counter force F 1 was measured by the load cell. The moments around the pivot joint due to the lift, F 2 , and the counter force acting on the load cell, F 1 (<0), can be balanced as follows:
where L 1 and L 2 are the lengths of the moment arms for the measured force F 1 and the lift F 2 , respectively. Because the actual location of the centre of the aerodynamic pressure on the wing was unknown, we assumed that the centre of the pressure was located halfway along the wing length. Then, the lift F 2 could be calculated as follows:
In our experimental set-up, L 1 and L 2 were 110 and 155 mm, respectively.
The motion and shape of the wing during flapping were measured using three synchronised high-speed video cameras (FASTCAM SA3, Photron Ltd, Japan; frame rate: 2000 frames per second; resolution: 1024 × 1024 pixels; exposure time: 1/3800 s). Black and white markers were painted on the wing surface and the frame ( figure 9 ). The 3D coordinates of these markers on each wing section (from c 1 to c 5 ), the wingtip, the root of the leading-edge spar p and the rib end q were reconstructed using motion analysis software (Dipp-Motion Pro 3D, Ditect Co., Ltd, Japan). The lines for sections c 1 -c 5 were determined at 67% of the spanwise position.
The wing motion was defined in terms of the flapping angle ϕ around the flapping axis and the elevation angle ψ from the horizontal plane (X-Y plane), as illustrated in figure 11(a) . The Z-axis was parallel to both the flapping axis and the direction of sensitivity of the load cell. A slight elevation due to the flexion in the wing frame was observed. The y-axis (spanwise axis) was defined by a unit vector parallel to the c 1 -wingtip line.
The wing deformation was evaluated in terms of the feathering angle and the chordwise fluttering at the c 1 -c 5 lines because passive fluttering of the wing film around c 4 was clearly observed, as illustrated in figure 11(b) . The wing section plane was defined as the plane vertical to the spanwise axis at c 1 , and c 2 to c 5 and p and q were projected onto this cross-sectional plane, as indicated by a prime mark (′) in figure 11(c) . The feathering angle θ was defined as the angle between the c 1 -c 3 ′ line and the p′-q′ line. The fluttering angle γ was defined as the angle between the c 3 ′-c 4 ′ line and the c 4 ′-c 5 ′ line.
Results of the tethered flapping experiments
The time variation in the flapping angle ϕ is presented in figure 12 , in which the time is normalized to each wingbeat cycle and the timing of the stroke reversal is indicated by a vertical line. The measured flapping frequency and amplitude were respectively 24.7 Hz and 138°for the flat wing, 27.4 Hz and 134°for the spanwise-wrinkled wing, and 26.0 Hz and 134°for the chordwise-wrinkled wing (table 1) . Because a constant voltage was applied to the driving dc electric motor without any feedback control, the flapping frequency was affected by the inertial force due to the wing mass, the aerodynamic load on the wing, and the resonance frequency of the wing around the wing base. Figure 13 illustrates the time history of the projected wing profile (c 1 -c 2 ′-c 3 ′-c 4 ′-c 5 ′) for each wing. Although significant flutter was observed near the trailing edges in the flat wing and the spanwise-wrinkled wing (figures 13(a) and (b)), the chordwise-wrinkled wing maintained a smooth profile, and no fluttering was observed ( figure 13(c) ). Furthermore, the difference in fluttering angle between the chordwise-wrinkled wing and the other two wings was remarkable, as illustrated in figure 14(a) . In the cases of the flat and spanwise-wrinkled wings, the wing films were steeply flexed near the trailing edge (at the c 4 marker), and the fluttering angle γ reached 40°. Conversely, such a steep deflection was prevented in the chordwise-wrinkled wing, and the fluttering angle γ remained less than 20°. This difference in chordwise deformation was attributed to the anisotropic flexural stiffness of the wing film caused by the unidirectional microwrinkles. As explained in subsection 4.2, the flexural stiffness of the chordwise-wrinkled wing in the chordwise direction was estimated to be more than 100 times higher than that of the spanwise-wrinkled wing or the flat wing.
On the other hand, the feathering angle θ of the chordwise-wrinkled wing reached 20°, larger than those of the spanwise-wrinkled and flat wings, which were both approximately 10°( figure 14(b) ). This large feathering angle is assumed to be attributable to the suppression of the fluttering near the trailing edge of the chordwise-wrinkled wing. Because of the enhanced flexural stiffness of the chordwise-wrinkled wing, the trailing edge maintained a proper angle of attack and generated a large aerodynamic pressure, which produced a torque that twisted the wing around the spanwise axis. No stretching deformation of the films was observed in any case. Although the tensile elastic modulus was expected to be reduced by the wrinkles, the tensile stiffness was still sufficiently large to prevent any stretching deformation of the wings in this study. For such stretching deformation to occur, deeper wrinkles (with a higher ratio of wave amplitude to wavelength) are needed to further decrease the tensile stiffness.
The average measured lift values are summarized in table 2. The average lift of the spanwise-wrinkled wing (12.4 mN) was 15% smaller than that of the flat wing (14.6 mN). Conversely, the lift of the chordwisewrinkled wing (32.4 mN) was remarkably large compared with that of the flat wing, namely, 222% of the value for the flat wing. This lift enhancement induced by the chordwise wrinkles was attributed to the large feathering torsion, which led to the realization of the appropriate angle of attack to generate lift.
The efficiency of lift generation was evaluated based on the ratio of the lift to the electric power consumption. The power was calculated by multiplying the applied voltage and current displayed by the power supply; hence, the calculated power includes not only the aerodynamic power but also the power corresponding to the inertia of the wing, the mechanical loss due to transmission and the electrical loss due to the electric motor. Using this metric, the efficiency of the chordwise-wrinkled wing was found to be 13.5 mN W −1 , 2.1 times greater than that of the flat wing. By contrast, the efficiency of the spanwise-wrinkled wing (5.6 mN W −1 ) was 12.5% smaller than that of the flat wing. These results demonstrate that the local wing deformation (manifesting as fluttering near the trailing edge in this study) can be controlled by modifying the microwrinkles of the wing film, thus resulting in different macroscale wing deformations (manifesting as feathering torsion in this study) that can improve aerodynamic force and efficiency.
Conclusions
We developed a new fabrication method for wrinkled wing films to control the passive deformation of flapping wings for palm-sized aerial robots. The wrinkled shape was self-organized on the surface of an elastomeric mould coated with a hard skin layer. The wing film was formed via the CVD of Parylene C onto the wrinkled mould via a sacrificial layer, and then, the wrinkled Parylene C film was released. By using a silicone elastomer and a Parylene C film as the mould and skin, respectively, unidirectional parallel microwrinkles with a wavelength of approximately 120 μm and a wave amplitude of approximately 20 μm were fabricated. Analytical and numerical calculations indicated that such unidirectional wrinkles should increase the flexural stiffness and reduce the tensile modulus in particular directions by more than an order of magnitude. Furthermore, tensile tests verified the predicted reduction effect on the tensile modulus. The effects of the wrinkles on the wing deformation and aerodynamic force were evaluated using a tethered flapping mechanism. The wing length was 60 mm, and the wing film was supported by a stiff CFRP frame. A comparison of a flat film, a film with spanwise wrinkles and a film with chordwise wrinkles demonstrated that the chordwise wrinkles suppressed excess fluttering near the trailing edge, which led to greater torsion of the wing around the leading edge. Additionally, the chordwise-wrinkled wing demonstrated the largest lift and highest efficiency among the three wings.
In conventional flapping wings, a wing surface consisting of a flat film is supported by a simple branching framework. Although the wing stiffness can be controlled by modifying the geometry of the framework, it is difficult to distribute a thick framework throughout the entire wing area because of the resulting increase in the weight of the framework. Moreover, the significant difference in stiffness between the thick framework and the thin film restricts the possible stiffness distribution modes of such a wing. Our wrinkle-based method closes this gap. The wrinkled profile of the wing film increases the second moment of the cross-sectional area, thereby enhancing the flexural stiffness with little increase in weight. By utilizing the self-organization method, microwrinkles can be distributed throughout the whole wing area to fulfil a purpose similar to that of the barbs and barbules of bird feathers. In addition, the self-organization method eliminates the necessity of designing a 3D CAD model of a wing with microwrinkles. Our flapping experiments demonstrate that wing films with microwrinkles provide a novel approach to the fine control of wing flexibility, thereby allowing the aerodynamic performance to be improved without increasing the mass of the wing frame.
On the other hand, the predicted effect of reduced tensile stiffness due to the presence of microwrinkles on the flapping wings was not observed in the present experiments. This is possibly because of the stiff CFRP frame which prevented expansion of the wing. By using more flexible frame such as polymer frame or much thinner CFRP frame, the wrinkled film could stretch in the direction perpendicular to the wrinkles. For the further development of artificial flapping wings, the modulation of the tension of the wing film that could be achieved through the combination of wrinkled films and flexible frames must be explored in a future study. 
